We report the development and validation of a method to detect and quantify diverse nonpolar halogenated micropollutants in wastewater treatment plant (WWTP) influent, effluent, primary sludge, and secondary sludge matrices (including both the liquid and particle phases) by comprehensive twodimensional gas chromatography (GC×GC) coupled to microelectron capture detector (μECD). The 59 target analytes included toxaphenes, polychlorinated naphthalenes, organochlorine pesticides, polychlorinated biphenyls, polybrominated diphenyl ethers, and emerging persistent and bioaccumulative chemicals. The method is robust for a wide range of nonpolar halogenated micropollutants in all matrices. For most analytes, recoveries fell between 70% and 130% in all matrix types. GC×GC-μECD detections of several target analytes were confirmed qualitatively by further analysis with GC×GC coupled to electron capture negative chemical ionization−time-of-flight mass spectrometry (ENCI-TOFMS). We then quantified the concentrations and apparent organic solid−water partition coefficients (K p ) of target micropollutants in samples from a municipal WWTP in Switzerland. Several analyzed pollutants exhibited a high frequency of occurrence in WWTP stream samples, including octachloronaphthalene, PCB-44, PCB-52, PCB-153, PCB-180, several organochlorine pesticides, PBDE-10, PBDE-28, PBDE-116, musk tibetene, and pentachloronitrobenzene. Our results suggest that sorption to dissolved organic carbon (DOC) can contribute substantially to the apparent solids-liquid distribution of hydrophobic micropollutants in WWTP streams.
■ INTRODUCTION
The presence of an increasing number of anthropogenic organic micropollutants in water is a global environmental problem. 1 As convergence points of urban environment pollution, wastewater treatment plants (WWTPs) play a central role in the introduction of micropollutants into natural water bodies. 2 Past and continuing evidence demonstrates that wastewater, sewage sludge, and treated effluent contain numerous chemical constituents that are toxic to humans and ecosystems. 3 The fate of micropollutants during the treatment process determines their subsequent concentrations in effluent discharged to receiving waters and their loadings in the final sludge. It is perceived that nonpolar wastewater constituents "tend to partition mainly on the particulate phase and end up that way in the final sludge" 4 because of their high hydrophobicity. However, other work has shown that considerable nonpolar micropollutant loads remain in the treated effluent and are released into receiving water bodies. 5 Recent studies 6, 7 have proposed that the usual biphasic (aqueous phase-particulate organic matter (POM)) model of partitioning within a WWTP underestimates the levels of nonpolar micropollutants remaining in the effluent and that dissolved organic carbon (DOC) also plays an important role in the fate and behavior. These studies leave open questions about the transport, fate, and behavior of nonpolar compounds within WWTPs.
Several studies have reported on the occurrence of nonpolar organic micropollutants, especially legacy pollutants, in WWTPs. However, these studies investigated primarily the sewage sludge and not other streams. For example, a survey of the occurrence of organic micropollutants in European sewage sludge samples 8 includes several classes of nonpolar compounds. On the other hand, the accompanying survey of the occurrence of organic micropollutants in European WWTP effluents 9 does not include any nonpolar compounds. Additionally, the majority of occurrence studies have investigated specific target analytes or families of analytes. 4 Due to the complexity of these samples, several cleanup steps are typically required for the separation of trace analytes with conventional single phase gas chromatography (GC). However, these cleanup protocols make it difficult to obtain good extraction recoveries for a broad range of target analytes. 10 As a consequence, existing methods do not allow a multitarget screening of diverse nonpolar analytes with a wide range of physicochemical properties.
Comprehensive two-dimensional gas chromatography (GC×GC) promises to expand possibilities to detect and quantify nonpolar micropollutants in complex matrices, as it offers improved separation, increased peak capacity, and enhanced signal compared to conventional GC. 11 For example, many more organic micropollutants were detected in a single wastewater extract with a GC×GC instrument coupled with a timeof-flight mass spectrometer (TOFMS) 12 than with a conventional gas chromatograph−mass spectrometer (GC-MS). 13 Furthermore, separation and quantification of many chemical constituents in complex mixtures, such as polychlorinated biphenyls (PCBs) and dioxins/furans, is currently only possible with GC×GC.
14 Our recent work demonstrates that GC×GC analysis also confers another advantage: GC×GC retention times can be used to estimate a wide range of environmentally relevant partitioning properties of nonpolar hydrocarbon and halogenated analytes. 15 The occurrence of various organic micropollutants in wastewater matrices has been investigated using GC×GC. 16−21 Of these studies, only one 21 separately measured concentrations in the particle and liquid phases. The other studies either first separated particles in influent and/or effluent and then extracted the liquid phase only, or extracted the whole liquid native sample without prior separation. To our knowledge, no study has evaluated a complete methodology for sample extraction, GC×GC analysis, and quantification of a wide range of nonpolar micropollutants in both the separated liquid and particle phases of all relevant wastewater matrices, including influent, effluent, and sewage sludge, and intermediate streams. This would valuably aid efforts to constrain detailed mass balances and thereby explain the fate of pollutants during the treatment process.
In the present study, we aimed to develop a robust quantification method by GC×GC coupled to micro-electron capture detector (μECD) for a wide range of halogenated nonpolar micropollutants in WWTP influent, effluent, and sludge samples, including the liquid and particle phases of the influent and effluent. As target analytes, we selected nonpolar organic chemicals that are known environmental pollutants (e.g., some of the chemicals that are currently listed in the Stockholm Convention on Persistent Organic Pollutants, POPs) and exhibit chemical diversity (i.e., congeners of POPs). We also selected emerging persistent and bioaccumulative (P&B) chemicals, drawn from a previous chemical screening and prioritization study, 22 that have not been studied previously in wastewater. Using the developed method, we measured concentrations of target analytes in samples from a municipal WWTP in Switzerland. The μECD is an excellent detector for quantitative analysis of halogenated compounds, and it is orders of magnitude more sensitive to halogenated analytes than TOFMS with electron impact ionization. 18 For the effluent stream, we further confirmed GC×GC-μECD results by qualitative analyte identification with GC×GC coupled to electron capture negative chemical ionization− time-of-flight mass spectrometry (ENCI-TOFMS). The present study thus enabled us to characterize micropollutant occurrence and concentrations in the major WWTP streams and also to evaluate real solids-liquid distributions in those streams. The resulting methods and data can support efforts to explain the transport and fate of hydrophobic micropollutants in WWTPs, ultimately aimed at improving knowledge of process controls that may be used to limit the introduction of these micropollutants into the environment.
■ MATERIALS AND METHODS
Compound Selection. The target analytes of this study included persistent organic pollutants (POPs) currently listed in the Stockholm Convention, as well as congeners from their chemical families. These include organochlorine pesticides (OCPs), toxaphenes, PCBs, and polybrominated diphenyl ethers (PBDEs). 23 The target analytes also included polychlorinated naphthalenes (PCNs), which are currently considered for listing in the Stockholm Convention. All of the above chemicals are halogenated. Names of the suppliers of the chemical standards can be found in the Supporting Information. Table S1 provides a detailed list of standards. These chemicals have a wide range of physicochemical properties (e.g., log K ow ranges between 3.5 and 8.7), and thus the analytical method has a wide domain of applicability.
In addition to the above POPs and related compounds, we considered the list of 610 potential P&B emerging pollutants from the Howard and Muir chemical screening and prioritization study. 22 We applied several selection criteria to this list, which produced a subset of 23 high-priority compounds. One criterion was that a compound must be amenable to GC-μECD analysis without derivatization. A compound also had to be readily available for purchase as pure chemical or standard solution, as well as registered with the European Chemicals Agency (ECHA) under the REACH regulation. Another criterion was environmental persistence. Furthermore, we selected only compounds considered likely to have a significant long-range transport potential in water based on their estimated partitioning properties, 24 which could potentially imply prevalent presence in untreated wastewater. The final criterion was bioaccumulation potential. A detailed explanation of the selection criteria is given in Supporting Information. Table S1 shows the final list of 23 compounds (labeled as "HM") retained after applying the above screening criteria. Four compounds, namely the two tetrachlorobenzenes, hexachlorobenzene, and 2,4-DDD, have been investigated extensively in environmental media. 25 Hexachlorobenzene is also a legacy POP. Hexabromobenzene is an in-use flame retardant 26, 27 and also an "old" contaminant whose ubiquitous occurrence in the environment is now attracting attention. 28 WWTP Sampling. We obtained samples from the WWTP of Lausanne, Switzerland, which serves a population equivalent of approximately 220 000 inhabitants. This WWTP consists of primary treatment and secondary treatment with nitrification. Sludge is dewatered and incinerated on site. For the development and validation of the analytical method we took the following single grab samples from the WWTP: 0.5 L of influent, 2.0 L of effluent, and approximately 0.2 L of each of primary sludge and secondary sludge. For quantification of target analytes, flow-proportioned 24-h composite samples of the same volumes were taken on three consecutive days from the influent and effluent streams, and grab samples on three consecutive days from the primary and secondary sludge streams in June, July, and October 2011. Samples were kept refrigerated in glass containers that we had previously washed and baked overnight at 450°C. Finally, we deployed five passive-sampling polydimethylsiloxane (PDMS) strips in the effluent trough of one of the two secondary clarifiers of the WWTP for 24 h in September 2012. Details on the passive sampler handling and extraction are given in the Supporting Information.
Sample Preparation. For both influent and effluent wastewater samples, we separated the liquid (aqueously dissolved plus DOC-associated) phase from the solid (filter-retained particle) phase using sequential filtration first through 2.7-μm and then through 0.7-μm pore-size glass microfiber filters. Filters were allowed to air-dry and then cut into approximately 2 mm square pieces. We stored the dried filters in a desiccator and refrigerated the filtrate until extraction. Each sludge sample contained at least 1.0 g dry solids and was freeze-dried in aluminum dishes at a temperature of −50°C and a pressure of 0.05 mbar. Dried sludge samples were stored in a desiccator until extraction. Total organic carbon (TOC) in filtrates was measured with a Shimadzu TOC-V instrument.
Sample Extractions. Filtrates underwent solid-phase extraction (SPE) according to U.S. EPA Method 3535A, 29 using C 18 extraction disks (Supelco). Filter-retained particles and dry sludge samples were subjected to pressurized fluid extraction (PFE) based on U.S. EPA Method 3545A. 30 The method was adapted to utilize an in-line selective cleanup of matrix interferences. 31 These methods are described in detail in the Supporting Information.
GC×GC-μECD Analysis. For all samples, chemical separation and analysis was performed on a Leco GC×GC instrument with an Agilent μECD. The first-dimension column was a Restek Rxi-1ms (100% dimethyl polysiloxane) with 30 m length, 0.25 mm inner diameter (i.d.), and 0.25 μm film thickness. The second-dimension column was a SGE BPX-50 (50% phenyl polysilphenylenesiloxane), 1.5 m length, 0.10 mm i.d., 0.10 μm film thickness. Justification of the column choices and detailed instrument and analysis settings are described in the Supporting Information.
Quantification of Analytes by GC×GC-μECD. We performed peak detection and peak integration with ChromaTOF software, version 4.32 (Leco). Peak detection was based on matching retention times of analytes in sample chromatograms to those of standard chromatograms within margins of 8.0 and 0.18 s in the first and second GC×GC dimensions, respectively. Selection of these margins was based on measurements of the retention time variability over all chemical standards. We excluded from consideration any standards that eluted within the above retention time margins with respect to each other (interpreted as insufficient separation between standards). Peak integration involved automatic peak delineation and integration by ChromaTOF, followed by visual inspection of all modulated peak slices and manual adjustment of the baseline of neighboring peaks when the ChromaTOF baseline was unsatisfactory. We used the drop method to delineate the baseline of neighboring peaks of approximately the same size or of a large peak neighboring a small peak; we used the valley method to delineate the baseline of a small peak neighboring a large peak. 32, 33 We constructed seven-point calibration curves with duplicate instrument runs at each calibration standard level using linear regression. Each calibration standard level included 0.1 μg/mL 4,4′-dibromoctafluorobiphenyl and 0.1 μg/mL decachlorobiphenyl as internal standards (IS1 and IS2, respectively). We used IS1 for compounds eluting before 22.5 min (on the first GC dimension) and IS2 for compounds eluting after 22.5 min.
Quantification of analyte concentrations in sample extracts involved the use of the internal standard method, a correction using the compound-and matrix-specific recoveries, and a peak volume correction based on method blanks, to account for any contamination/carryover during sample preparation and analysis. All method blanks underwent the same preparation and analysis steps as the analogous samples (see Supporting Information for details). After extraction and GC×GC analysis we subtracted the volume of the corresponding peak in the appropriate method blank from the volume of the detected peak in a sample before quantification.
Quantification of extraction recovery involved splitting each raw sample into three aliquots: spike level 1 (0.0006 μg/mL of each PBDE and 0.01 μg/mL of all other target analytes), spike level 2 (at a 10-fold concentration), and unspiked. The spike level of PBDEs was 16.7 times lower than that of the other analytes owing to the low concentration of the purchased PDBE standard mixture. All three aliquots contained the internal standards at a level of 0.2 μg/mL each. To estimate the relative recovery of an analyte in a sample, we subtracted its concentration in the extract of an unspiked sample from its concentration in the extract of the spiked sample (both corrected for the appropriate internal standard volume) and divided this difference by the concentration in the extract that would be expected assuming 100% recovery. Determination of the matrix-specific limits of quantification (LOQs) of each analyte is described in the Supporting Information.
Finally, we measured the intraday instrument precision of each standard by analyzing the highest level of calibration seven times on the same day and determining the relative standard deviation (RSD) in the total peak area (i.e., peak volume). We measured the interday analytical precision by analyzing method blanks corresponding to the three sample types (liquid phase, filtered particle phase, and sludge) spiked with the internal standards and extracted in different batches, and determining the RSD in the measured signal of the internal standards.
GC×GC-ENCI-TOFMS Analysis. For the extract of the PDMS passive samplers exposed to the WWTP effluent stream, chemical analysis was performed by GC×GC-ENCI-TOFMS (Zoex). The column types and column dimensions used were the same as for GC×GC-μECD, except for the second dimension column length (1.0 m). We used methane as the ionization agent. Confirmation of target analyte identities by GC×GC-ENCI-TOFMS relied on successful matches between injected standards and sample analytes for two GC×GC retention times and three m/z values, based on the averaged mass spectrum of each standard peak. 34 Further analysis and analyte identification details are given in Supporting Information.
calibration curves for these 59 target analytes exhibited r 2 values ranging between 0.982 and 0.998. The standard calibration curve intercepts were found statistically different from zero for two analytes only, 4,4′-DDD and pentachloronitrobenzene. Standard curves were thus considered robust for quantification purposes. 34 We evaluated matrix-specific relative recoveries, LOQs, and analyte quantification protocols for the 59 target analytes quantified by GC×GC-μECD. A chromatogram of an effluent liquid extract is shown in the inset of Figure 1 . According to single-factor analysis of variance (ANOVA), relative recoveries were statistically similar within each of the three matrix types, liquid, particle, and sludge, and relative recoveries were also statistically similar between both spike levels (further details are given in Supporting Information). This allowed us to calculate mean relative recovery results for the following three general matrices: liquid phase, particle phase, and sludge. Table 1 presents the mean relative recovery and relative standard deviation (RSD) for the 59 target analytes in the three general matrices. Calculated mean relative recoveries and RSD recovery values exclude analytes that we identified as outliers according to the Dixon's Q test at the 95% confidence level. 35 The test detected only four outliers. Of the resulting mean relative recoveries, 62%, 66%, and 61% of the values fell in an acceptable 70−130% range for the liquid, particle, and sludge matrices, respectively. The variability in relative recovery values, expressed as the RSD, was <30% for 67%, 73%, and 61% of the values for the liquid, particle, and sludge matrices, respectively. Relative recoveries for the particle phase and sludge appear to be lower for organochlorine pesticides than for the other chemical classes. For 11 compounds, mostly PBDEs, determination of the mean relative recovery was not possible in all matrices, because we did not clearly detect these compounds in more than one out of the four spiked similar matrix samples ( Table 1 ). The PDBEs were spiked at lower concentrations than other compounds (see above). Finally, we found no discernible correlation between the relative recovery and log K ow for either particle phase, liquid phase, or sludge (r 2 values were 0.290, 0.001, and 0.083, respectively). This is an indication that the sample preparation and extraction methods were not biased over any part of the log K ow range (3.5−8.7) that we considered.
For 80% of the target analytes for which an LOQ was determined, the matrix-specific LOQ was <10 ng/L in the liquid phase and particle phase. For 67% of the analytes, the matrix-specific LOQ was <10 ng/g in the sludge phase (Table 1) . For 29% of analytes, the LOQ was elevated to 100 ng/L in the liquid phase and particle phase or to 100 ng/g in the sludge phase, based on our conservative calculation of LOQ (see Supporting Information). For 5%, 10%, and 24% of analytes in the liquid, particle and sludge phases, respectively, the LOQ was not determined at all because these analytes were not detected in the matrix at either spike level. The intraday precision of the measurements was satisfactory, with 79% of the target analytes having %RSD < 15% ( Table 1 ). The interday precision of the analytical method was also satisfactory, revealing %RSD values for the liquid, particle, and sludge phases, respectively, of: 29%, 13%, and 8% for IS1; and 20%, 20%, and 9% for IS2. On the basis of the results of the method validation, we conclude that the extraction and GC×GC-μECD analysis methods are robust and can be used to analyze a wide range of nonpolar analytes in the different wastewater matrices.
Observed Concentrations and Occurrences of Target Nonpolar Analytes in the WWTP. Supporting Information Table S2 reports statistics describing the observed concentrations and occurrences of the entire set of 59 target analytes in collected WWTP samples, for each matrix. One third of the target analytes occurred in at least two of the three sample types associated with the influent, that is, influent liquid, influent particle, and primary sludge. Table 2 is a subset of Table S2 containing the compounds with the highest occurrences in the WWTP inlet. Specifically, these compounds had an overall occurrence of >33% in the influent liquid, influent particle, and primary sludge samples, where "overall occurrence" is defined as the total number of occurrences divided by the total number of samples in these three sample types. No analyte was detected consistently in all analyzed samples. Despite the observed variability in occurrences and concentrations (arising from both sampling variability and measurement uncertainty), we can make some general observations. Detected compounds represent all chemical families analyzed. Observed mean influent particle-phase concentrations were higher than the mean influent liquid-phase concentrations (where both are expressed as mass of micropollutant per volume of original sample) for 75% of the compounds in Table 2 , indicating that sorption to particles is an important process in the influent stream. However, observed mean effluent liquid-phase concentrations were higher than the mean effluent particle concentrations for all compounds in Table 2 (again expressed as mass of micropollutant per volume of original sample), indicating that sorption to particles is a smaller contributor to the total mass of the nonpolar pollutants in this stream. Observed mean concentrations in the primary sludge were comparable to the concentrations in the secondary sludge for many compounds. Finally, observed total concentrations in the effluent (particle phase plus liquid phase) were lower than total concentrations in the influent for all compounds in Table 2 except for endrin ketone. This suggests that many compounds were partly removed from the effluent relative to the influent. The higher mean concentration of endrin ketone in the effluent compared to the influent is inconclusive; this value is skewed by a high endrin ketone concentration that occurs in the liquid effluent phase in only one out of nine samples.
GC×GC-ENCI-TOFMS analysis of the passive sampler extract from the effluent stream offered qualitative confirmation of the presence of many analytes that were detected by GC×GC-μECD analysis of extracted liquid and particle samples from that stream ( Table 2) . GC×GC-ENCI-TOFMS detection limits were insufficiently low to observe analytes directly in the extracted liquid and particle phases. However, the passive sampler provides enhanced signal for some analytes and thereby enabled the use of GC×GC-ENCI-TOFMS as a qualitative "reasonability check" of the GC×GC-μECD results. Among the 16 analytes listed in Table 2 , seven analytes that were detected by GC×GC-μECD in effluent stream extracts also had confirmed presence according to GC×GC-ENCI-TOFMS analysis of the extract of the passive sampler. Four analytes detected by the GC×GC-μECD methodology were not found by the GC×GC-ENCI-TOFMS methodology. In three of these cases (aldrin, endrin ketone, and musk tibetene) the analytes exhibited low occurrence (11−17%) in effluent stream samples (including both liquid and particle phases) analyzed by GC×GC-μECD, suggesting that these chemicals may have been absent or at concentrations below the method limit of detection (LOD) during the deployment of the passive sampler. Endrin ketone and musk tibetene both have log K ow values <4 (Supporting Information Table S1 ), which implies a low affinity to the PDMS passive sampler material and therefore a low sampling efficiency, and this may also explain why these two compounds were not observed by GC×GC-ENCI-TOFMS. The fourth analyte, pentachloronitrobenzene, was detected at high occurrence (50%) in extracted effluent phases by GC×GC-μECD but was not found by GC×GC-ENCI-TOFMS in the passive sampler. Pentachloronitrobenzene was detected in one out of the six method blanks (June liquid-phase blank); however, the level in this blank was still insufficient to explain its measured level in the liquid-phase effluent samples. Pentachloronitrobenzene was recently confirmed a Recovery, defined as relative recovery for target analytes and as absolute recovery for internal standards. b Relative recovery not determined in more than one out of the four spiked similar matrix samples.
c Not determined because the corresponding relative recovery was not determined. d Not determined because the LOQ was only determined for one of the two pairs of similar samples (e.g., primary sludge and not secondary sludge).
e Not determined for internal standards.
f Relative standard deviation. to occur in the sediments of the Vidy Bay of Lake Geneva, 36 the receiving water body of Lausanne's WWTP effluent, which provides indirect support for its detection in the WWTP effluent. Four analytes (dieldrin, PBDE-10, PBDE-28, and PBDE-116) were detected in the effluent stream by the GC×GC-ENCI-TOFMS methodology but not by the GC×GC-μECD methodology, again possibly owing to differences in sampling methodologies. We do not expect to find an exact correspondence between the chemical occurrence data obtained by the two methodologies in the effluent stream, given the nonequivalences in employed sampling periods, sampling and extraction protocols, and instrument detection limits. Nonetheless, based on these data, we find approximate agreement between the set of analytes detected by GC×GC-μECD and the set detected by GC×GC-ENCI-TOFMS. This lends support to our conclusion that the GC×GC-μECD methodology correctly identified the target analytes in WWTP streams.
Comparison with Reports of Frequently Studied Target Analytes in Other WWTPs. Several PCBs and OCPs found in the Lausanne WWTP have also been reported in studies of other WWTPs in Europe and Canada. 37−41 A detailed comparison is given in Supporting Information. The present study differs from most previous studies in that we report concentrations for a wide range of nonpolar analytes in different streams of a municipal WWTP, and we report concentrations separately for both the liquid and particle phases.
Less-Studied Target Analytes. We detected several Howard and Muir 22 compounds as well as other less-studied compounds in our wastewater samples (Supporting Information Table S1 ). Among these, musk tibetene and pentachloronitrobenzene appear with the highest occurrence in the influent (Table 2) . A few previous studies have investigated musk tibetene in wastewater. Musk tibetene was not detected in any influent or effluent samples from various WWTPs in the UK (LOD = 3.6 ng/L) 42 nor in the influent or effluent of a WWTP in Spain (LOD = 5.2 ng/L). 43 We report mean concentrations of 6 ng/L in the influent and approximately 1 ng/L in the effluent. Musk tibetene was not detected in our sludge samples above the LOQ, consistent with findings of other studies in Switzerland, 44 Canada, 45, 46 and South Korea. 47 The European Commission banned the use of musk tibetene in cosmetic products in 1999 because of possible health risks to consumers.
48
A few previous studies have investigated the presence of pentachloronitrobenzene (quintozene) in wastewater. Pentachloronitrobenzene was not detected in the influent or effluent of 15 municipal WWTPs in Austria. 49 In a survey of sludges in the United States, concentrations of pentachloronitrobenzene reportedly ranged from nondetectable to 9000 ng/g. 50 A study of a WWTP in Greece 40 reported mean pentachloronitrobenzene concentrations of 60 and 14 ng/L in the influent and effluent, respectively; and 20 and 30 ng/g in the primary and secondary sludge, respectively. Our mean concentrations (Table 2) in the influent and effluent are approximately 1 order of magnitude lower than those values. 40 We detected 17 out of 23 analyzed PBDEs in the WWTP effluent by GC×GC-ENCI-TOFMS (Supporting Information  Table S2 ). Among the quantified PBDEs, PBDE-28 exhibited the highest occurrence and the highest concentrations in the tested WWTP streams, with mean levels of 20 ng/L in the influent and 30 ng/g in the secondary sludge. We did not detect PBDE-28 in the effluent. PBDE-28 was reported at concentrations of 0.02 ng/L and 2 ng/g in the effluent and sludge Table 2 . continued 52 PBDE-10 and 116 also had high occurrences in the influent particle, primary sludge, and secondary sludge streams (Table 2) . To our knowledge, PBDE-10 and PBDE-116 have not been previously reported in WWTP streams. 51, 53, 54 The high occurrences of PDBE-10, PDBE-116, and littlestudied compounds such as musk tibetene and pentachloronitrobenzene in the Lausanne WWTP suggests that these compounds deserve further investigation in the environment. Our screening methodology and findings reinforce the earlier proposition 22 that prioritization activities are useful to identify emerging contaminants.
Effluent Mass Loading Rates. Our effluent concentration data enable an estimation of the pollutant mass loading rates discharged from the Lausanne WWTP, which is important for the assessment of the risk that these pollutants pose to Lake Geneva, the receiving water body. The estimation method is discussed in detail in the Supporting Information. For the selected analytes of Table 2 , estimates range from >15 mg/d for γ-BHC to 84 ± 20 mg/d for pentachloronitrobenzene (Supporting Information Table S3 ). For these analytes a significant proportion (50 to 91%) of the total effluent mass is associated with liquid phase. This is consistent with our interpretation that DOC facilitates the transport of hydrophobic pollutants in the WWTP effluent (below).
Chemical partitioning to suspended solids and dissolved organic carbon (DOC) in wastewater. We considered whether observed micropollutant concentration trends could be explained in terms of partitioning between the water, suspended solids, and DOC phases. Equilibrium partitioning of a micropollutant to wastewater organic solids is often expressed in terms of its organic solids-water partition coefficient, K d (L/g VSS), defined as the micropollutant concentration in the solid phase of a sample, C p , divided by the liquid phase concentration of the same sample, C l :
However, the liquid phase may contain both aqueously dissolved micropollutants and DOC-associated micropollutants. 6, 7 Thus, in addition to K d , we calculated K p (L/g VSS) as the organic solids−water partition coefficient for a micropollutant
where C w is the aqueously dissolved phase concentration. Direct calculation of K p is difficult because it requires a measurement of C w . Assuming partitioning equilibrium between the three phases (water, DOC, and VSS), we approximated K p as
where [DOC] is the concentration of the dissolved organic carbon and K DOC is the DOC−water partition coefficient (L/kg DOC). We tentatively estimated micropollutant K DOC values with the following linear free energy relationship (LFER) with K ow proposed by Neale et al., 56 developed based on sorption data from wastewater-derived DOC: Figure S1 ). Therefore, we also calculated mean K d values over the three types of streams (Supporting Information Table S4 Figure S2 ). This appears to contradict the widely held expectation that partitioning from water to organic solids increases with increasing solute hydrophobicity. 57 In another study, Katsoyiannis Figure S3 ). The apparent lack of consistent sorption behavior in these studies, including the lack of dependence of K d on K ow , may be indicative of the influence of DOC in the sorption process.
Using eq 3, we calculated K p values from measured K d data and measured [DOC] data (Figure 2A Supporting Information  Table S4 ). Mean [DOC] values were 85 mg/L in the wastewater influent, 100 mg/L in the primary effluent and 12 mg/L in the secondary effluent, which are consistent with values reported elsewhere. 58 Estimated values of the term [DOC] K DOC (eq 3) explore ranges of 0.09−0.60 for the wastewater influent, 0.10−0.71 for the primary effluent, and 0.01−0.08 for the secondary effluent. This indicates that sorption to DOC contributes to the solids-liquid distribution of micropollutants in the influent and primary effluent streams, producing differences of up to 70% between the K p value and apparent K d . This effect is the most pronounced for compounds with high K ow . Figure 2A shows a plot of log K p versus log K ow , comparing the values in this study with those reported by Dobbs et al. 59 for polycyclic aromatic hydrocarbons (PAHs) and OCPs. The Dobbs data exhibit a strong linear relationship between log K p and log K ow (Figure 2A ). Although our log K p data do not exhibit a clear linear relationship with log K ow , our values fall in the same neighborhood as those of Dobbs et al. 59 The lack of a linear trend in our data could indicate uncertainty in measured K d values, or it may indicate that the LFER used to estimate the K DOC (eq 4) is inappropriate for our system. The slope parameter in eq 4 is a low value (0.2), indicating a very weak dependence of K DOC on compound hydrophobicity. Indeed, if we instead apply the steeper LFER reported in Kim and Kwon, 60 developed to describe sorption to microbially derived DOC (log K DOC = 0.82 log K ow + 0.31), we obtain a linear trend between log K p and log K ow that aligns more closely with the data of Dobbs et al. 59 ( Figure 2B ). The present study suggests that DOC plays an important role in the solids-liquid distribution of hydrophobic pollutants in WWTP streams, consistent with some other studies. 6, 7 However, a comparison between studies reveals inconsistent conclusions about the magnitude of sorption to wastewater solids and partitioning to wastewater DOC. Additionally, the dependence of wastewater-specific K p and K DOC values on compound hydrophobicity remains unclear. The K p and K DOC are difficult to disentangle: assumptions that are applied to one of these two partitioning properties affect the interpretations that are made about the other, as discussed above. Sorption of organic compounds to wastewater solids and DOC may also exhibit dependence on organic matter characteristics. 7, 61 Sorption processes presumably control the fractionation of hydrophobic pollutants into the separated streams during wastewater treatment, and this decides the ultimate diversion of pollutants into either the final sludge or the treated secondary effluent. Thus, the problem of pollutant sorption to wastewater matrices deserves further investigation.
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